Ultrasmall gold atom clusters (< 2 nm in diameter) or gold nanoclusters exhibit emergent photonic properties (near-infrared absorption and emission) compared to larger plasmonic gold particles, due to the significant quantization of their conduction band. While single gold nanoclusters properties and applications are being 
Introduction
With the emergence of nanoscience and nanotechnology, gold is increasingly becoming a key material for use in nanoparticle (NP) systems due to a variety of highly attractive properties. [1] [2] [3] In particular, light can collectively excite the free electrons of the metal to give rise to plasmonic responses in sub-100 nm gold NPs (AuNPs). This surface plasmon resonance (SPR) is the basis of many bioassays as its resonance peak is highly dependent on the size, shape and aggregation state of the AuNPs. When reducing the size of the gold particles even further, to the atomic scale (less than 2 nm, ~ 300 atoms), a new set of unique molecule-like properties appears due to the significant quantization of the conduction band. 4, 5 These quantum-sized AuNPs have discrete electronic energy levels as opposed to the continuous band in larger plasmonic AuNPs. 6 Ultrasmall gold atom clusters or gold nanoclusters (AuNCs) show multiple optical absorption peaks in the optical spectrum compared to a single SPR peak between 500 and 600 nm for larger AuNPs. 5, 7 The loss of the SPR and the appearance of fluorescent or even magnetic properties make these quantum-sized AuNPs a new class of nanomaterials, which explains the increasing interest towards them in recent years from the scientific community. 8, 9 This increased interest goes hand in hand with the major advances in the synthesis and characterisation of atomically precise AuNCs 7 as well as the development of theoretical models of their emergent properties and behaviour. 5 Currently, high-yield, one-pot synthesis of atomically precise AuNCs has been achieved enabling the proliferation of studies centred on AuNCs. [10] [11] [12] From mostly theoretical analyses, AuNCs have already shown promises for catalysis, 13 chemical sensing, 8 electronics 14 and bioapplications including bioassays, 8, 15 biological labelling 8 and nanomedicine. 4, 8 In particular, AuNCs absorb light in the near-infrared (NIR) biological window (650 -900 nm) 16 and convert it into photons and heat, making AuNCs an excellent candidate for photo-induced cancer imaging and therapy. 4 In particular, AuNCs stabilized in the pores of mesoporous silica shells have been used in vivo as efficient multimodal imaging and therapy agents, demonstrating tumor burden reduction as well as enabling three complementary imaging modalities (fluorescent, photoacoustic and magnetic resonance imaging). 4 Unfortunately, the clear therapeutic and imaging potential of AuNCs in vivo has been undermined so far by their lack of stability in biological environments. 4 Moreover, poor understanding of the aggregation behaviour of AuNCs has hindered their potential for nanotechnology-based biomedical applications.
Polymeric micelles are one of the most established nanotechnology-based systems for anti-cancer therapy as they often show good biocompatibility, can be tailored through surface modifications, provide good pharmacokinetic control and can easily trap and deliver anticancer drugs in particular hydrophobic drugs. [17] [18] [19] [20] For example, micelles consisting of self-assembling diblock copolymers composed of a hydrophilic poly(ethylene glycol) (PEG) block and an thermosensitive Nisopropylacrylamide (NIPAm) block provide a useful yet simple platform for drug delivery and other biological applications. 21, 22 The attractive cloud point temperature of PNIPAm at 32 o C allows for the self-assembly of the micelles at body temperature while the PEG corona stabilizes and prevents the aggregation of the micelles in biological environments. 23, 24 In this paper, we present a novel nanohybrid system consisting of AuNCs stabilized by thiol-terminated, thermosensitive diblock copolymers of PEG-PNIPAm, which reversibly self-assemble into micelles above their lower critical solution temperature (LCST). The resulting thermosensitive gold-polymer micelles were used to investigate the effect of AuNCs assembly into ordered structures or suprastructures.
Although the importance of the electronic environment around the AuNCs has been extensively described in literature, 5, 25 most studies so far investigated the effect of ligand composition or solvent and little is known about the effect of interparticle interactions between AuNCs upon assembly into suprastructures. By ordering NPs into arrays with recurring motifs (i.e. superlattices), structure-dependent properties arise from the newly formed suprastructures. 26, 27 The non-additivity of nanoscale interparticle interactions explains in part the large variation in NP suprastructures behaviour observed, and present an intriguing puzzle to comprehend. 28 The versatility in superlattices' composition and structure suggests that controlled NP selfassembly could turn out to be an important mean towards the design of nextgeneration materials. 26, 27, 29, 30 Here, we present evidence of the importance of interactions of AuNCs by investigating a novel, controllable, self-assembling goldpolymer nanohybrid platform, which itself shows promise towards fluorescent liveimaging applications. 21 The colour of the solution changed from light yellow to colourless. A few drops of n-tributylphosphine were added to the mixture to minimize disulfide formation. 21 The polymer was subsequently isolated by two-fold precipitation in cold diethyl ether and obtained as a white solid after drying.
Materials and Methods

All
Gold-polymer nanohybrids synthesis:
The gold-polymer nanohybrids (PEG-PNIPAm- 
Lipoic acid-stabilized gold nanocluster synthesis:
The control free lipoic acidstabilized gold nanoclusters were synthesized using a slightly modified version of the gold-polymer nanohybrids. Instead, the thiol-terminated polymer was replaced by lipoic acid (3.77 mg) while keeping the gold to thiol ratio 1 to 3. The reaction mixture was purified from free ligands by applying three cycles of centrifugation/filtration using a membrane filtration device with a molecular weight cut-off of 10 kDa (Millipore).
Characterisation of gold-polymer nanohybrids
Nuclear magnetic resonance (NMR) spectroscopy: 
Gel permeation chromatography (GPC):
GPC was performed using a Plgel 5 µm mixed-D column (Polymer Laboratories) and a refractive index detector (RID). The eluent was DMF containing 10 mM LiCl, the elution rate was set to 1 mL.min -1 , and the temperature to 65 °C. The sample concentration was 10 mg.mL -1 . PEGs of narrow and defined molecular weights were used as calibration standards. UV-Vis spectroscopy: UV-Vis measurements were collected using a 10 mm pathlength quartz cuvette in a Shimadzu UV 2450 spectrophotometer from 250 nm to 400 nm with 0.5 nm resolution. Samples were dissolved in THF (1 mg.mL -1 ) after the aminolysis step of the thiol-terminated polymer.
Dynamic light scattering (DLS)
Steady-state photoluminescent spectroscopy: Steady-state photoluminescence measurements were collected using a 10 mm path-length quartz cuvette using a Jasco FP-8300 spectrophotometer with a response time of 1 s, 5 nm slits and a resolution of 0.5 nm. Emission spectra were collected from 560 nm to 900 nm with an excitation at 550 nm. Excitation spectra were collected from 300 nm to 710 nm by acquiring the emission intensity at 720 nm. Samples were dispersed in MilliQ water, PBS or phenol red free OptiMEM media (1 mg.mL 
Results and Discussion
We synthesized gold-polymer nanohybrids composed of gold nanoclusters (AuNCs) stabilized with thermosensitive diblock copolymers of poly(ethylene glycol) (PEG) and poly(N-isopropylacrylamide) (PNIPAm). First, a thiol-terminated PEGPNIPAm was obtained by a two-step synthesis. Reversible addition-fragmentation chain transfer (RAFT) polymerisation was used to add NIPAm to a commercially available PEGylated RAFT chain transfer agent, (poly(ethylene glycol) methyl ether 2-(dodecylthiocarbonothioylthio)-2-methylpropionate), (Scheme S1 (1)) to obtain the desired thermosensitive diblock copolymer. RAFT polymerisation was chosen as it allows the retention of a trithiocarbonate functional group present on the chain transfer agent (CTA) at the end of the polymerisation process, which was subsequently converted into a thiol functional group. 21, 32 The successful polymerisation of NIPAm to the PEG-CTA was confirmed using gel permeation chromatography (GPC) and 1 H nuclear magnetic resonance (NMR) spectroscopy.
The results showed that the experimental number average molecular weight (~ 14 kDa) of the diblock copolymer was in good agreement with expected molecular weight based on the feed ratio of initiator to NIPAm monomers ([initiator]:[monomer] = 1:500) and the target conversion rate of 70-80% (Table S1 ). This conversion was also confirmed by 1 H NMR ( Figure S1 ) and the maximum conversion of 80% was chosen to avoid the loss of the end groups due to radical side reactions at high conversion. 21 The dispersity was relatively narrow (≤ 1.2) as can be expected for this type of polymerisation reaction. 33 The second step consisted in converting the trithiocarbonate group at the ω-chain end of the PEG-PNIPAm-CTA to a thiol by aminolysis (Scheme S1 (2)). 21 The 15 conversion of this reaction was followed via UV-Vis spectroscopy, as the trithiocarbonate group has a characteristic absorbance at 310 nm where the thiol group does not absorb. 34 After 3 h, complete disappearance of the signal at 310 nm was observed, reflecting the full conversion of the trithiocarbonate ( Figure S2 ).
Furthermore, no significant shift in the molecular weight distribution was observed in the GPC chromatograms confirming the absence of disulfide bridge formation between two PEG-PNIPAm-SH polymers.
Finally, gold-polymer nanohybrids were prepared by nucleating gold in the presence of the synthesized thiol-terminated, thermosensitive polymeric ligands.
Briefly, an excess of thiolated PEG-PNIPAm-SH was added to a gold(III) chloride trihydrate (HAuCl 4 ) solution to form gold(I)-thiol complexes before the final reduction to gold(0) using sodium borohydride (NaBH 4 ) (Figure 1) . Gold-polymer nanohybrids were formed, resulting in particles with likely varying number of thiolated polymeric ligands. In parallel, control AuNCs that do not exhibit temperature-dependent selfassembly were synthesized using a similar synthetic method but using lipoic acid as stabilizing agent 35 rather than the thiol-terminated, thermosensitive polymers. (Table S2) . Remarkably, the transition temperature found with photoluminescence at 750 nm showed a slightly lower value of 30.2 ± 1. Below their cloud point temperature, the gold-polymer nanohybrids displayed a distinct near-infrared (NIR) fluorescent profile, as expected for the photonics properties of AuNCs in general (Figure 2) . However, compared to the lipoic acidstabilized AuNCs, the gold-polymer nanohybrids displayed a fluorescent emission mode at 720 nm compared to 703 nm for lipoic acid-stabilized AuNCs and an increased quantum yield of 3.6% compared to 2.7%. The gold-polymer nanohybrids' quantum yield is significantly higher than most other AuNC-based system reported in literature (< 1%). 7, 8, 36 In addition, while the lipoic acid-stabilized AuNCs exhibited a broad excitation shoulder centred around 550 nm, the excitation profile was practically featureless for the gold-polymer nanohybrids. Table S2 ). This decrease in fluorescence intensity is expected due to the higher amount of the incident energy being lost to non-radiative pathways as the temperature increases. In comparison, the temperature-dependent self-assembly of the gold-polymer nanohybrids induced a maximum blue-shift of 18 nm in the fluorescent emission peak and a 96% increase in the fluorescent signal intensity (Figure 3c , Table S2 ). This significant emission enhancement can be attributed to the energy transfer between AuNCs due to the reduced intercluster distance within the polymeric micelles' hydrophobic cores. 37, 38 Even without an ordered assembly (i.e. constant spacing of AuNCs), the AuNCs 
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